Antibacterial efficacy of silver nanoparticles (Ag NPs) deposited alternatively layer by layer (LBL) on chitosan polymer in the form of a thin film over a quartz plate and stainless steel strip has been studied. An eight-bilayer chitosan/silver (Cs/Ag) 8 hybrid was prepared having a known concentration of silver. Techniques such as UV-visible spectroscopy, inductively coupled plasma optical emission spectroscopy (ICP-OES), and atomic force microscopy (AFM) were carried out to understand and elucidate the physical nature of the film. Gram-negative bacteria, Escherichia coli (E. coli), were used as a test sample in saline solution for antibacterial studies. The growth inhibition at different intervals of contact time and, more importantly, the antibacterial properties of the hybrid film on repeated cycling in saline solution have been demonstrated. AFM studies are carried out for the first time on the microbe to know the morphological changes affected by the hybrid film. The hybrid films on aging (3 months) are found to be as bioactive as before. Cytotoxicity experiments indicated good biocompatibility. The hybrid can be a promising bioactive material for the prevention of biofilms specific to E. coli and in purification of water for safe drinking.
Introduction
In present day clinical applications, implantable medical devices are extensively used as supporting materials for heart valves, catheters, artificial organs, and so on [1] [2] [3] [4] . But many of these engrafted devices were found to end up with microbial colonies at the surface and in the formation of biofilms causing foreign-body infection [5, 6] . Such biofilm related infections are a major cause for morbidity and mortality [7, 8] . They also show extraordinary resistance to conventional antibiotics and biocides [9] [10] [11] . About sixty percent of the estimated bacterial infections in hospitals can be attributed to bacterial biofilms [2, 7] . Among the gramnegative bacteria, E. coli which causes broad spectrum of diseases affecting large population has been an important model organism for in vitro analysis of biofilm formation and associated infection [12] [13] [14] [15] [16] .
One of the ways to prevent the formation of biofilm on the implanted medical devices causing infection is by surface coating of suitable biocompatible material, which can function as resistant to the growth of microbial colonies. Various materials have been employed for such coatings, for example, antimicrobial polymers [17, 18] , antimicrobial nanoparticles-polymer composites [19, 20] , and grafting the surface with antiadhesive polymers [21, 22] . Among the various metals, silver and silver ions for a long time were known to have strong inhibitory and bactericidal effect as well as a broad spectrum of antimicrobial activity [23] [24] [25] [26] [27] [28] [29] and are also found to be wound-healing agents with less toxicity [30, 31] . When the metal particles are in nanosize, it further enhances many of these properties, because of the increase in surface area caused by increase in surface-tovolume ratio [32] . Thus, when the silver nanoparticles are coated on the implanted devices by some means, in addition International Journal of Carbohydrate Chemistry to the prevention of biofilm formation, they may also have an advantage of healing wounds around them [33] . In comparison to many antibiotics, development of resistance against Ag NPs by bacteria is scarcely known [34, 35] . Hence, Ag NPs in a suitable matrix as a coat may be useful to prevent the formation of biofilm [36] and also as antibacterial agent for the purification of water for safe drinking [37] .
Layer-by-layer (LBL) coating of suitable material in the form of film on devices is one of the easy techniques, which may be employed for this purpose [38, 39] . LBL assembly has drawn many researchers' attention for surface coating in the recent past, because it is relatively simple, with minimal requirement of chemicals and inexpensive equipment [40, 41] . The principle behind the LBL method is the sequential deposition of organic/inorganic materials through electrostatic interaction between polycation and anion which makes bilayers [42, 43] . The obtained film thickness is usually in the nanometre scale range [44] and homogeneity can be controlled precisely by manipulating few film deposition parameters such as solution pH, ionic strength, and immersion time [45] [46] [47] .
Among the naturally occurring polymers, chitosan may be a good candidate for coating by the LBL technique, because it is a biodegradable polysaccharide and also a polycation, which helps for the electrostatic interaction with the opposite charge. Earlier people have reported the antibacterial studies of chitosan/Ag hybrid systems in the form of powder and film [48] [49] [50] [51] [52] [53] [54] , and most of these studies are carried out in nutrient broth, and repeated use of such materials are not reported. However, few have reported on the repeated antibacterial activity of Ag containing hybrid systems. For example, Wei et al. [54] have prepared by dipping glass slides into solution containing silver nitrate and chitosan for 18 h at 60 • C and have tested the antibacterial activity by recycling for several days in nutrient broth. Sambhy et al. [55] . have prepared silver bromide embedded in cationic polymer, poly(4-vinyl-n-hexylpyridinium bromide) and have studied the antimicrobial activity in LB broth over extended periods. But none of these studies have reported the cytotoxicity of the materials fabricated.
Here, we report layer-by-layer (LBL) dip coating method for the preparation of chitosan/silver NPs hybrid thin films on quartz plate, which is simpler and faster, compared to the earlier reported silver/polymer hybrids [54, 55] . The films are well characterized by various techniques such as UV-visible spectroscopy, inductively coupled plasma optical emission spectroscopy (ICP-OES) and atomic force microscopy (AFM) studies. The antibacterial efficacy of the film against pathogenic Escherichia coli (MTCC 1302) is being studied at different intervals of contact time and also the antibacterial properties of the film on repeated cycling in saline solution have been demonstrated. The microbe E. coli is relevant for both the prevention of biofilm formation and in the purification of water for safe drinking [12, 56, 57] . Also, saline solution represents nearest to natural aquatic system, particularly in the application of purification of water [58] . AFM studies are also carried out on the bacteria before and after treatment to understand the morphological changes, which might have occurred due to the death of bacteria.
Moreover, for the first time just Ag + ions are incorporated into chitosan by LBL technique and its antibacterial activity compared with the (Cs/Ag) 8 hybrid.
Similar coatings are also carried out on stainless steel strips and its antibacterial property is reported for just coated and for three months aged samples to evaluate the stability and antibacterial efficacy on aging. The antibacterial property of the hybrid is found to be the same on aging with good adhesion on the stainless steel strip, demonstrating the stability of the film. The hybrid can be a promising bioactive material for the prevention of biofilms specific to E. coli and in general against gram-negative bacteria and also for purification of water for safe drinking.
Methods
2.1. Materials. AgNO 3 (99.9%, S.D Fine-Chem Ltd., India), NaCl (99.9%, Qualigens, India), sodium citrate dehydrate (99.0%, Ranbaxy, India), sodium borohydride (98%, S.D Fine-Chem Ltd., India), chitosan (M w ∼200,0000, Aldrich), H 2 O 2 (Ranbaxy, India), H 2 SO 4 (Nice Chem Pvt, Ltd., and India), nutrient broth (Hi-Media Laboratories Ltd, India) were used as such without any further purification. A standard reference strain, Escherichia coli MTCC 1302, was supplied by M.S. Ramaiah Hospital, Bangalore, India. Ultrapure water (Millipore) with specific resistance of 18.2 MΩ cm was used throughout the experiment.
Stock Solution.
The following stock solutions were prepared and preserved to carry out the experiments repeatedly. Known weight of chitosan was dissolved in millipore water at pH 4.00 (adjusted by 1% acetic acid) to have a concentration of 1 mg/mL. A saline solution was prepared by dissolving 4.5 g of NaCl in 500 mL of millipore water and sterilized. Silver nitrate and sodium citrate of 1 mM concentration were also prepared in millipore water.
Synthesis of Silver
NPs. Silver NPs were synthesized according to the reported procedure [59] . Briefly, 0.6 mL of freshly prepared ice-cooled sodium borohydride solution (40 mM) was added to 20 mL of 1 mM silver nitrate and sodium citrate on stirring for few minutes. The immediate appearance of luminescent yellow color indicated the formation of silver NPs caped with citrate. 8 Hybrid Film. Before the thin film preparation of chitosan, quartz slides (2.5 cm × 2.5 cm) were thoroughly cleaned in piranha solution (7 : 3 v/v H 2 SO 4 /H 2 O 2 ) and then rinsed several times with millipore water. Then each slide was dipped in chitosan solution (1 mg/mL) for 2 h and then rinsed with millipore water carefully to remove any unadsorbed chitosan and dried under nitrogen gas flow. Further it was placed in citrate capped Ag NPs solution and allowed to adsorb Ag NPs for 2 h, followed by three washings in millipore water before depositing the next layer of chitosan. This process was repeated for several times to get multilayer films of known bilayers as shown in Figure 1 . At every step the film was monitored by UV-visible spectroscopy. Similarly an eight bilayer (Cs/Ag + ) 8 , containing Ag + citrate capped, was fabricated on a quartz slide of the same dimension by taking the same concentrations of original AgNO 3 and sodium citrate. Also a similar coating was done on a stainless steel strip (0.5 cm × 1.0 cm) (grade 304) as described above by prior cleaning of the strip according to Claire-Marie Pradier procedure [60] , briefly, the steel strips were first polished with SiC paper and alumina paste until a mirror finish was obtained. After being polished, the strips were successively ultrasonicated for 5 min in acetone, 5 min in millipore water, 15 min in hexane, and further 15 min in millipore water at 50 • C and then dipped in warm acetone (50 • C) for another 15 min. Strips were then etched by sulfochromic acid at 60 • C for 10 min and extensively washed with milliQ water and dried in N 2 flow.
Preparation of (Cs/Ag)

Instrumentation and Characterization.
The UV-visible spectra of each deposition of layers were monitored by a Perkin-Elmer (Lambda 35) spectrometer. The spectrum of a cleaned quartz plate of the same dimension in air was taken for background correction. The total loading of silver in chitosan multilayer was determined by ICP emission spectroscopy using Perkin-Elmer optima 2100 inductively coupled plasma-optical emission (ICP-OES) spectrometer at λ 328 by initially dissolving a known area of the film in 100 μL dilute nitric acid (∼3.5 M) and thereafter suitable dilutions were made with millipore water. AFM images were taken on the samples in Digital Nanoscope IVA AFM, Veeco Instruments, US, by contact mode in air. Special precautions were taken to prevent the instrument from vibrations. Citrate capped Ag NPs in water were thoroughly sonicated and TEM images were taken in TECNAI F 30 electron microscope. The size of the Ag particle was estimated by digital micrograph software.
To have an estimate of Ag + in (Cs/Ag + ) 8 , the Ag + was completely reduced by dipping the slide in sodium borohydride solution, it was dried and UV-visible spectra was obtained and compared with that of (Cs/Ag) 8 .
For AFM studies of bacterial samples, two coated (Cs/Ag) 8 quartz plates were put into the bacterial solution and one was taken out immediately, referred to as zero hour and another plate after 24 h. The bacterial solution was first centrifuged, washed with millipore water, and from the resulting bacterial mass a small amount was spread over mica foil and dried for final AFM investigations.
2.6. Bacterial Inhibition. Cell viability was assessed by counting colony-forming unit (CFU) according to the following procedure. E. coli was cultured in a nutrient broth solution at 37 • C overnight in a mechanical shaker. 100 μL of this fresh bacterial culture was poured into two sterilized beakers each containing 10 mL of saline solution and incubated at 37 • C with gentle mechanical shaking. To one of them only sterilized quartz plate (positive control), and to the other (Cs/Ag) 8 deposited quartz plate (test beaker), was kept. At an interval of one hour, 100 μL of the incubated solution was taken and diluted consecutively two times with 9.9 mL of sterile saline solution and from that 100 μL solution was taken for plating in nutrient agar plates. After overnight incubation at 37 • C, the viable colonies were visible to the naked eye and thus were counted manually and compared with positive control. Optical density at 600 nm was read by UV-visible spectrometer at different intervals of the test samples, that is, 0 h, 4 h, and 24 h, to determine the bacterial growth.
International Journal of Carbohydrate Chemistry
Antibacterial test for freshly prepared stainless steel coated with chitosan-silver of eight bilayers and for sample preserved for three months, was done by the zone of inhibition method. In brief bacterial lawn was prepared on sterile Muller Hinton agar plates by using a sterile cotton swab. Two strips of stainless steel (0.5 cm × 1.0 cm), one coated with eight bilayers of chitosan-Ag and another without coating (positive control) were placed at the centre of two separate lawns carefully without touching the other parts and incubated at 37 • C for 24 h, and the zone around the film was measured on the subsequent day using a centimetre scale.
In Vitro Cytotoxicity Assay.
For the in vitro cytotoxicity assay, the protocol described by Freshney was adapted [61] . It is based on the properties of living cells and dead cells. The live cells possess intact cell membrane that excludes certain dyes, such as trypan blue, eosin, or propidium, whereas dead cells do not. Trypan blue dye exclusion assay was used here to determine the number of viable cells. Simply the cell suspensions are mixed with trypan blue dye and are visually examined to determine whether they have taken up or excluded the dye. In the protocol presented here, a viable cell will have a clear cytoplasm whereas a nonviable cell will have a blue cytoplasm. Briefly, 1.0 × 10 5 HEK 293 fully grown cells were washed with Dulbecco's phosphate buffered saline (DPBS) and harvested using 0.5 mL of 1x trypsin-EDTA. Then, after resuspending in fresh culture medium containing 10% fetal bovine serum (FBS), 0.5 mL of the suspension was seeded into culture wells. Further, the quartz plates coated (Cs/Ag) 8 were sterilized with UV irradiation for 15 minutes to avoid contamination and then washed three times with sterile PBS and then dipped into the wells having fully grown cells and incubated at 5% CO 2 and 37 • C for 48 h. Similarly, sterile blank quartz plates were used as controls. After 48 h of incubation, the plates were washed with PBS, and 0.4% trypan blue dye solution was added and allowed to stand for 1-2 min. The total number of cells as well as the number of blue cells were counted using a Neubauer hemocytometer. 8 Hybrid Film. In the procedure described earlier, incorporation of negatively charged citrate capped Ag NPs between two layers of positively charged chitosan films through electrostatic interaction is schematically shown (Figure 1 ), which provides a platform to grow LBL chitosan/silver hybrid thin films. Figure 2 shows the UV-visible absorption of Cs/Ag thin film coated on quartz plate after each bilayer of chitosan and Ag. The intensity of plasmon band of Ag NPs increases with the number of bilayers of Cs/Ag and is found to be linear (inset Figure 2) , indicating the linear increase in Ag NPs concentration as the number of bilayers increased. We have restricted the Cs/Ag to eight bilayers, taking into consideration an optimum concentration of silver nanoparticles in the hybrid. From ICP analysis, the total silver concentration in (Cs/Ag) 8 is found to be around 18.9±4.7 μg cm −2 and 26± 3.0 μg cm −2 for film on quartz and stainless steel, respectively. On comparing the obtained intensities of UV-visible spectra of (Cs/Ag) 8 and (Cs/Ag + ) 8 , it is found that the concentration of Ag in both the hybrids are more or less the same (see (S1) in Supplementary Material available online at doi:/10.1155/2011/93759). 8 and (Cs/Ag + ) 8 Hybrid Film. To establish the bactericidal properties of (Cs/Ag) 8 hybrid on quartz plate, the experiments were carried out in saline solution under biological pH 7.4. Table 1 shows the OD 600 of the bacterial solution at various contact times. From the optical density values one can infer that the growth of bacteria is almost negligible at the end of 4 hours, and it is further tapered after 24 h when compared to the control. This is further compared with the percentage survival of bacteria with time and is calculated using the relation ((No. of colonies in test sample/No. of colonies in control plate) × 100) by CFU counting and is shown in Figure 4(c) . There is a steep decrease in percentage of survival up to one hour and slowly tapers down to almost zero at the end of four hours. This is further clearly seen in the agar plate photographs taken after four hours (Figure 4 percentage of survival of the bacteria on (Cs/Ag + ) 8 hybrid and also on the test sample containing only chitosan/citrate, which is also eight bilayers prepared in a similar method is also shown in Figure 4 . In the first one hour, the percentage survival on (Cs/Ag + ) 8 hybrid is almost the same as (Cs/Ag) 8 hybrid, and remains with this survival even after four hours (Figure 4(b) ). Whereas in the case of test sample, there is no significant change in percentage survival (100%) of bacteria throughout the contact time observed (Figure 4(a) ). The eight bilayers of the test sample are monitored by IR spectra (see S2) during deposition. The intensity increase of the spectra is seen with the progress of the bilayers.
Results
Preparation of (Cs/Ag)
Bactericidal Properties of (Cs/Ag)
The bacterial morphology changes were studied by AFM before treatment (0 hour) ( Figure 5(a) ) and after 24 hr treatment ( Figure 5(d) ) with (CS/Ag) 8 Table 2 .
Repetitive Use of Hybrid
As an Antibacterial Agent. The retention of the prepared film as an effective antibacterial agent on repeated cycling is desirable in order to have cheap and affordable material for practical applications [62] , such as in the purification of water. After each antibacterial test the (Cs/Ag) 8 quoted quartz plate was thoroughly washed with sterile water several times and allowed to dry in air and was recycled for another three times in saline solution containing bacteria. Each time the percentage survival of bacteria was determined and also UV-visible spectra of the film were taken after each cycle and the obtained results are shown in Figure 6 .
Zone of Inhibition (ZOI).
The zone of inhibition test result is depicted in the Figure 7 for a strip of stainless steel coated (Cs/Ag) 8 and for the uncoated (control) against E. coli. A zone of ∼0.5 cm diameter around the coated steel (red dashed circle) has been found for both just coated and threemonth preserved sample showing the antibacterial activity of the coated steel and no zone was seen around the uncoated strip of steel (yellow dashed square).
3.6. In Vitro Cytotoxicity Assay. Although (Cs/Ag) 8 seems to have good antibacterial activity, its biocompatibility is necessary for any bioapplications [63] . One of the indications of the biocompatibility characteristics of the coated slide is to inhibit the growth of host cells (e.g., mammalian cells such as humans). To evaluate the effect of (Cs/Ag) 8 on mammalian cells (HEK 293), quartz slides coated with (Cs/Ag) 8 film were exposed to already grown cells and incubated for 48 h, and the protocol was followed as described earlier and were repeated three times.
Discussion
Our interests in the study of a cheap and effective inorganic/organic hybrid-based antimicrobial agent for safe drinking water have earlier led to the development of Ag/agar-agar films [24] . Here we have chosen chitosan/silver hybrid system, keeping in mind that it would serve the dual function as an antimicrobial agent for purification of water and also as a protective film on medical devices in the prevention of biofilm formation. Chitosan, which is a naturally occurring polysaccharide, is a biocompatible and biodegradable material. It has a large number of amino groups having a pKa value of ∼6.5, and can easily protonate in acidic or neutral solution, making it water soluble, and it can readily bind to negatively charged surfaces. Chitosan itself can act as antibacterial agent, when present in requisite quantities [64, 65] . Quartz plate when treated with a piranha solution and steel treated with sulfochromic acid, builds a surface negative charge, which in turn facilitates the binding of the positively charged chitosan. Further, the negatively charged citrate caped Ag NPs binds to chitosan forming a bilayer. The linear increase in intensity of the Ag plasmon band with an increase in bilayers (inset Figure 2) indicates that the amount of Ag bound to each one of the chitosan layer is uniform. From the ICP results of Ag, one can estimate the Ag concentration in each bilayer, and it is found to be around 2.36 μg cm −2 . Throughout the deposition from 1 to 8 bilayers, the position of plasmon peak ∼425 nm (Figure 2 ) remains almost the same, indicating that Ag NPs in the bilayers are more or less spherical in shape, which is also seen in TEM (Figure 3(f) ).
International Journal of Carbohydrate Chemistry Atomic force microscopy (AFM) comes in handy while analyzing the topography of the film on a substrate. While analyzing the data for the hybrid system (Figure 3) , it is seen that Ag NPs are well distributed; however, the presence of few islands (bright spots) indicates the agglomeration of Ag NPs. The size of the Ag NPs in solution estimated from the TEM pictures and one between chitosan layers remains almost the same (∼50 nm).
One may be interested to know the activity of the hybrid in contact with said bacteria with time, accordingly the experiments were carried out and the optical density results ( Table 1) indicate that at the end of four hours there is no growth of bacteria. This is further confirmed in the percentage survival experiment (Figure 4 ) and from the corresponding photographs obtained (inset of Figure 4 ). The percentage survival in both (Cs/Ag) 8 and (Cs/Ag + ) 8 hybrids is around 40% after the initial first hour contact and further reduces to 10% after four-hour contact in the case of the former, but remains the same in the later.
This may be explained the way the microbes come in contact with the hybrid. As the experiments are bacteriostatic in nature, we presume that the contact is mainly due to the diffusion of silver particles from the hybrid into the solution and physically attacking the microbes. This is further substantiated in the repetitive experiment, which is discussed later. The diffusion of Ag NPs into the saline solution is rather slow compared to Ag + ions, though the initial Ag concentration is more or less the same in both the samples. This is understandable as the Cl − ions present in saline solution have greater affinity for Ag + compared to Ag • . After the first one-hour contact most of the Ag + present in (Cs/Ag + ) 8 has diffused into the solution and made it ineffective on further contact. And even though it is known that chitosan can be an antibacterial agent and whereas the test hybrid (Cs/citrate) 8 donot show any antibacterial activity, it may be concluded that the concentration of chitosan present in the hybrid may be very low and there is no synergic antibacterial activity in the case of (Cs/Ag) 8 hybrid. One can attribute it only due to the Ag nanoparticles present in the hybrid and it works as a better candidate than (Cs/Ag + ) 8 . Further the possibility of Ag NPs ionizing to Ag + and then attacking the bacteria may be ruled out.
Careful study of the AFM ( Figure 5 ) images obtained on the live and the dead bacteria clearly shows a defined morphology of the live bacteria ( Figures 5(a) -5(c)), which is totally absent in the dead ones ( Figures 5(d) -5(f)), indicating the complete destruction of the outer membrane of the bacteria, due to the physical contact of Ag NPs and the bacteria. Similar observations were made by others and have accounted this for the disruption of the cytoplasmic membrane of the bacteria [66] [67] [68] [69] . The rms roughness of the bacterial membrane and the height of the cell have also decreased with treatment ( Table 2 ). These phenomena may be attributed to the damage of lipopolysaccharide (LPS) which serves as a permeability barrier and is believed to contribute to the structural rigidity of the cell envelope [69] [70] [71] [72] .
Not many investigations are found in the literature about the recyclability of coated films for antibacterial activity in saline solution. However, when such experiments are carried out, one can evaluate the efficiency of such films for repetitive use. We have investigated this for (Cs/Ag) 8 hybrid samples and the results show that after the fourth cycle the bacterial survival was nearly 50% (Figure 6(a) ). This increase in survival may be due to depletion of Ag NPs in the film after each cycle. This is evident from the intensity decrease and increase in full width at half maxima (FWHM) of the Ag plasmon band (Figure 6(b) ). It is interesting to note that the percentage weight loss of Ag NPs in the hybrid (estimated from the UV-vis spectral intensities) after each cycle, follows the same trend as the percentage survival of bacteria ( Figure 6(a) ). And also the broadening of peak indicates the possible agglomeration of Ag NPs after each cycle. The decrease in intensity of color of the film further confirms the depletion of Ag particles in the film (inset of Figure 6(b) ). The diffusion of Ag NPs into the saline solution may be due to the concentration gradient of Ag between the film and the solution.
The zone of inhibition carried out for (Cs/Ag) 8 hybrid film on stainless steel strip shows interesting results. The aged (3 months) film having the same ZOI as that of the just-prepared one is remarkable (Figure 7 ). This observation accounts for the mechanical stability and retention of antibacterial activity of the (Cs/Ag) 8 hybrid film even on aging.
The cytotoxicity assay results for the fabricated (Cs/Ag) 8 hybrid film show that the number of live cells after exposure to the film was found to be almost the same as those exposed to control as seen Figure 8 . Thus the attachment and viability of cells vis-a-vis exposure of quartz plate coated (Cs/Ag) 8 indicate that coated film has satisfactory biocompatibility. One can argue that the antibacterial property of the hybrid would be better if one increases the number of bilayers further, but this would be at the cost of cytotoxicity of the material.
Conclusions
In conclusion, an LBL assembly was fabricated incorporating silver nanoparticles between two layers of positively charged chitosan polymer to obtain eight bilayers of Cs/Ag hybrid through electrostatic interaction. Antibacterial activity was evaluated by both CFU counting and also OD 600 test. The hybrid could be effectively cycled for three times. The antimicrobial activity is mainly due to the Ag NPs present in the hybrid. The easily fabricated (Cs/Ag) 8 hybrid thin film has good mechanical stability and retains good antibacterial activity against E. coli even on aging. This could be a material for coating on some biomedical devices for the prevention of biofilms, which can be attributed to E. coli and may also be used as an antibacterial agent for the purification of water containing E. coli for the limited number of cycles.
